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The relatively narrow 'H nmr absorptions which arise apparently from mobile water molecules within
frozen aqueous solutions were studied for frozen solutions of selected acids, bases, salts, amino acids, po-
lypeptides, and proteins. The changes in integrated intensity of the resonances with temperature can be
interpreted in terms of the known phase diagrams of some of the systems studied. Observations con-
‘cerning amino acids, polypeptides, and a protein suggest that the interpretation of the narrow nmr ab-
sorptions as representing water of hydration may be inaccurate. In particular, studies of the *H and 1°F
resonances of the frozen KF-protein-H,0 system indicate that the narrow resonances arise from a so-
lute-rich water phase that could best be described as a liquid-like aqueous phase.

A series of investigations* has been reported on the sur-

prisingly narrow. proton resonance observed from frozen
aqueous solutions of a variety of macromolecules. The res-
onances observed could not be assigned either to the pro-
tons in the ice lattice or to those belonging to the macro-
molecule but the intensity was proportional to the amount
of protein present. It was suggested that these resonances
arose from water molecules associated in such a way with
the macromolecules as to be prevented from joining the

- ice lattice; that is, they were interpreted as arising from
“water of hydration.” Our own interests in the interaction
of amino acids in aqueous solutions® prompted us to in-
vestigate this phenomenon further. We report here the re-
sults of that investigation.

Experimental Sectibn

The nmr spectra were recorded on a Varian Associates
DA-60-IL spectrometer® equipped with a variable temper-
ature probe and operated at 60 and 56.4 MHz. Relative

integrated intensities were calculated at least in duplicate

~ from four or more recordings taken with alternating up-

field and downfield sweep. The values were adjusted ac-
cording to the attenuation levels as set on the integrator
unit. The temperature in the probe was measured directly
by means of a thermistor thermometer placed inside an
empty nmr sample tube at the location of the transmit-
ter-receiver coils. The probe assembly was fitted with a
standard pressure cap .through which the leads from the
thermistor -were led to a resistance bridge for measure-
ment. The temperature could be measured to within 0.5°
and remained stable to £1° during the course of the nmr
measurements. All compounds studied were of the highest
quality obtainable commercially and were used without

‘further purification.

Results and Discussion

Two Component Systems. In order to provide a back-
ground against which to interpret the narrow resonances



BABLE I: Comparison of the Freezing Points of
Aqueous Solutions Determined by Nmr with Those
Taken from the Phase Diagrams ' '

Freezing point of
Freezing point lowest-solute-
determined concentration
- Solute® .by nror? eutectic® -
NaCl . -18 —21
KCl -8 -11
Na,S.0; -21 -22
NaOH' -30 -28
HC1 -85 —85
CH,COOH —-26 - —26
CH.CICOOH -19 -14
CHCI,COOH -71 -70
CCLCOOH -70° -50

® Initial solute concentration was 5% by weight.? In °C. The freezing point

was taken to be the temperature at which the narrow water resonance dis-
appeared and could be estimated to within 2°. ¢ In °C. Values taken from
ref 8. Values for the substituted acetic acids were from ref 9. :

of frozen solutions of macromolecules, a survey was under-
taken of frozen solutions of some low molecular weight
compounds. A variety of samples, listed in Table I, were
found to yield narrow proton resonances? at —30° when
prepared in accordance with the published procedure.f

-For example, frozen solutions of HCl showed: very narrow-

resonances even at temperatures down to —85°. There
- were two important differences, however, between the be-
havior of these two component systems and those contain-
ing proteins. First, the integrated intensity of the narrow
resonance decreased with decreasing temperature. Sec-
ond,‘ as the temperature was lowered, the narrow reso-
nance eventually disappeared at a temperature which was
characteristic of the solute under investigation and inde-
. pendent of the initial solute concentration.
The phenomenon was generally reversible; heating the
sample resulted in the reappearance of the narrow signal
- of the same intensity. Moreover, the results were identical

whether the sample was cooled in the probe from room

temperature or heated in the probe after having been
quenched in liquid nitrogen.

The behavior of these systems is readily explicable in
terms of the phase diagrams of the binary mixture. As the
temperature is lowered to a point beyond that of the ini-
tial freezing point of the mixture, ice crystals form
throughout the sample. This results in an increase in the
concentration of the solute in the liquid remaining until
equilibrium is reestablished at the new lower tempera-
ture. The diminished nmr signal represents the water re-
maining in the liquid phase. As the temperature is succes-
gively lowered, this process repeats until the liquid reach-
es the composition of the eutectic. At this point, the en-
tire mixture freezes and the narrow resonance disappears.

In Table I, we compare for a variety of binary systems-

“ the final freezing points as determined by the disappear-
ance of the narrow nmr signal with the temperature of the
eutectic of lowest-solute concentration as taken from the
phase diagrams. The agreement is excellent.?®

It may be noted in passing that the nmr techniques af-

ford a quick and convenient method for constructing the:

phase diagram up to the composition of the first eutectic.
If it is assumed that the signal response is independent of
temperature, the relative area at any given temperature
yields the appropriate compositional data for the liquid
_phase at that temperature. We have confirmed this result

TABLE II: Temperature of Disappearance of Narrow
Resonance of Frozen Aqueous Solutions

Solute Initial conen®  Temp?
Glycine 10 ~0
‘L-Alanine 10 ~0
1-Valine 5 ~0
L-Methionine B ~0
L-Serine 5 =35
L~-Threonine 5 -40
L-Lysine HC1 . 7 -60
Poly-L-lysine HCI 7 -60
L-Tyrosine, sodium salt 3 -50
Poly-L-tyrosine, sodium salt 3 -50

® In wt %. % In °C. The resonances from these samples were sufficiently
broad (500 to 1500 Hz width at half height) that the temperature of dis-
appearance could not be determined to better than 5°.

with measurements. on aqueous solutions of HCl and the
acetic acids. :

.Amino Acids and Polypeptides. Amino acids in aqueous
solutions containing approximately equimolar amounts of
either acid or base display narrow resonances at low tem-
perature. A variety of experiments were conducted at
—40° and without exception all amino acids studied yield-
ed this result. Perhaps this is not so surprising in view of

" the fact that NaOH and HCI solutions themselves exhibit

this behavior.

A study of amino acids dissolved in water was next at-
tempted. Consideration was limited to those amino acids
which were relatively soluble at room temperature. The
results are summarized in Table II. Included are data on
two polypeptides- together with their respective amino
acid solutions.

Of the six amino acids soluble enough for this study,
only two yield aqueous solutions that exhibit the narrow
resonances at low temperature. Significantly, both these
molecules contain an ~-OH group in addition to the amino

acid functional groups. Perhaps the hydrophilic -OH

group plays a similar role to that shown by the H+ and
OH- ions in frozen acid .and base solutions -of amino
acids.

The results on the polypeptides are noteworthy in two
respects: (1) the intensity of the narrow signal decreases
with decreasing temperature precisely like the other sys-
tems described; and (2) the temperature of disappearance
of the resonance is the same for the polypeptide as for the
respective amino acid.!! These latter results are shown in
Table II. While undue significance should not be attached
to the coincidence of the numbers obtained, these results

suggest that whatever mechanisms are involved in the ori-

gin of the narrow resonance displayed by the frozen solu-
tions of the amino acids, those same mechanisms are op-
erative in the polypeptide systems. Additional mecha-
nisms need not be invoked to interpret the. polypeptide
results. Even though these mechanisms are clearly not
well understood, the results obtained on the simple sys-
tems point to an interpretation based on a solute-rich lig-
uid phase present within the frozen solutions.

Proteins. Frozen solutions of proteins, as reported pre-
viously* and as confirmed by our own experiments, be-
have radically differently from the systems discussed thus
far. In the first instance, while the line widths of the nar-
row resonances increase with decreasing temperature, the
integrated intensity remains constant. Second, the signals
persist at the lowest temperatures obtainable (—100° on
our spectrometer). The attractive interpretation ad-.
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_Figure 1. “Nonfrozen” KF associated with “nonfrozen” water vs.
‘temperature, plotted in terms of solubilities (closed circles).
Solubility -of KF in H,0. .vs.
phase diagram (open circles).

vanced* was that the narrow resonance arose from water -
of hydration surrounding the macromolecule which was’

prevented from joining the normal ice lattice because of
its interaction with the macromolecule. This interpreta-
tion had the added utility of providing information on hy-
dration of macromolecules in a variety of situations. How-
ever, some of our own observations, especially our studies
of the ternary system, H20-KF-bovine serum -albumin
(BSA), and some pertinent literature related to hydration
of macromolecules, raise a number of questions regarding
this interpretation.

In the first consideration, the protein systems studied
are highy complex. The aqueous solutions contain in addi-

tion to the protein, added salts, counterions, and, possi-

bly, excess acid or base. Any of these components them-
selves can give rise to narrow resonances in frozen aqueous
solutions. Even ternary systems are poorly understood let
alone the heterogeneous interface between the protein and
the solvent water. It is very possible that the intermolecu-
lar interactions responsible for the binary phase diagrams
operate analogously in these more complex systems and
because of the diversity and heterogeneity of the protein-
water interactions combine to produce the behavior noted.
Secondly, in a study of frozen solutions of BSA as a
function of pH, the integrated intensity did not vary ac-
cording to what would be expected of water of hydration.
Thus, as reported previously* and confirmed by our own

observations, the intensity of the narrow resonance de--

.creased with decreased pH. However, lowering the pH
brings about a partial unfolding of BSA and an increase in
the hydration of the molecule by more than a factor of 3

" as witnessed by small angle X-ray scattering results.}2

Consequently, an explanation of the decreased intensity of

the narrow - resonance with increased acidity must be

searched for in a direction other than hydration.

Finally, an interpretation of the narrow resonance based

on a solute-rich liquid phase is strongly indicated by our
experiments on the KF-H,0-BSA system. Both 1°F and
1H nmr spectra were obtained on frozen solutions of KF-
H,0-BSA of varying composition. The H spectrum was
as described previously for BSA solutions,* the KF having
 no observable effect on the results. A narrow resonance

temperature, as taken from the -
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Figure 2. Natural logarithm of the solubilities of KF in H,O ex-
pressed in mole fraction units vs. 1/T. Closed circles, “solubili-
ty" data derived from the present study; open circles, actual
solubilities.

TABLE III: Amounts of “Nonfrozen’” KFe¢in
Frozen KF-H.0-BSA Solutions

KF relative to

“nonfrozen’’
Temp? KF relative to BSA® “watetd
-35 0.078 = 0.007 0.204
—45 0.057 + 0.009 0.150
—-55 0.044 =+ 0.005 0.117
—65 0.027 =+ 0.001 0.071

% The amounts are calculated as the wt % of KF corresponding to the
integrated intensity of the !9F narrow resonance. ® In °C. ¢ Wt %, of KF
divided by the wt 9, BSA in the sample. Error limits are average deviations
over several samples with varying KF-H-0-BSA composition. dWt % of
KF divided by the wt % of “nonfrozen’ water corresponding to the inte-
grated intensity of the !H narrow resonance. Equivalently, column 2 divided
by 0.38 g of “nonfrozen’’ water/g of BSA.

was also observed in the 19F spectra of the frozen solu-
tions with the following properties: (1) no narrow reso-
nance was observed in the absence of BSA; (2) the inten-
sity of the signal decreased with decreasing temperature,
although the intensity of the narrow proton resonance re-
mains constant; (3) at a constant BSA concentration, the
intensity of the resonance was mdependent of the KF con-
centration above a reqmred minimum indicated by the
relative amounts as shown in Table III (see below); and
(4) at a given temperature, the intensity of the 1°F narrow
resonance was directly proportional to the BSA concentra-
tion.

The constant of proportionality obtained by dividing
the integrated 19F intensity expressed as weight % by the
BSA concentration, measures the amount of ‘“nonfrozen”
KF associated with the BSA molecule at a given tempera-
ture. These results are presented in Table III as a function
of temperature. Also in Table III, the results are expressed
as the amounts of “nonfrozen” KF relative to the “nonfro-

~ zen” water associated with the BSA molecule.

The amount of “nonfrozen’” water associated with BSA
is constant over the low temperature range measured. On
the other hand, the amount of “nonfrozen” KF, as seen
from Table ITI, diminishes with decreasing temperatures.
As the temperature is lowered, less and less “nonfrozen”
KF is associated with a constant amount of “nonfrozen”
water. The phenomenon is. strikingly - characteristic of a-



golubility process; that is, as the temperature is lowered,
less and less KF can be accommodated in the liquid-like
water phase. In other words, as the KF-HzO-BSA solu-
tions are frozen, part of the water remains in a llq\nd-hke

phase and a portion of the KF present “dissolves” in the -

liquid water, the solubility decreasing with decreasmg
temperature.
These solublhty data are plotted in Flgure 1 in terms of
.grams of KF in 100 grams of KF-H2O solution. The closed
circles.in the lower left-hand portion of the graph are the
solubilities of the “nonfrozen” KF derived from the pres-
ent experiments. The open circles in the top right-hand
portion of the graph are actual solubilities of KF in water,
taken from the phase diagram.8 The point at 21.5 g of
KF/100 g of solution corresponds to the eutectic of lowest-
“solute concentration, melting point of —21.8°. The"
straight line is the lmear least-squares fit of -all exght
points.

“The continuity of the present solutility data and the ac-
tual solubilities above the eutectic temperature is truly

remarkable. Yet what is perhaps even more unexpected is

that the combined data fit a simple thermodynamic rela-
tionship. Thus, for a substance whose heat of fusion, AH,

is independent of temperature, the solubility, N, ex-

pressed in mole fraction units, is given by3

AH
RT W

where C is a constant of integration. For compounds obey-
ing this relationship, In N will be a linear function of 1/T.

Figure 2 illustrates for the combined data how well this
linear relationship is met.1* Not only does the solubility
property of the liquid-like water phase appear to extend
continuously beyond the eutectic temperature but the sol-
ubility phenomenon itself is describable in proper thermo-

- dynamic terms.

In N = + C

Conclusion

The appearance of a relatively narrow *H nmr absorp-
tion in frozen protein solutions is as puzzling as it is note-
worthy and raises important questions concerning the na-
. ture-of the protein-water interactions that give rise to a

"“mobile” water phase at low temperature. Even frozen
binary mixtures give rise to narrow resonances but these
cases find a straightforward interpretation in terms of the

binary system phase diagrams. However, even here the

_ solute-solvent interactions that determine the composi-

tion and melting point of the eutectic mixtures are not
well understood. It is perhaps not so surprising then that
the extremely complex protein-water interactions are also
poorly understood. Even though a detailed knowledge of
this phenomenon is lacking, an explanation in terms of
water of hydration appears inadequate. Rather, the results
on the KF-H;O-BSA system suggest an interpretation
based on a liquid water phase; rich in protein concentra-
tion and capable of acting Ilke a tme thermodynamic lig-
uid phase.
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